Vibrio cholerae is the aetiological agent of cholera, a severe diarrhoeal disease that occurs most frequently in epidemic form 1 . Cholera has been epidemic in southern Asia for at least 1,000 years, but also spread worldwide to cause seven pandemics since 1817 (ref. 1) . When untreated, cholera is a disease of extraordinarily rapid onset and potentially high lethality. Although clinical management of cholera has advanced over the past 40 years, cholera remains a serious threat in developing countries where sanitation is poor, health care limited, and drinking water unsafe.
Vibrio cholerae as a species includes both pathogenic and nonpathogenic strains that vary in their virulence gene content 2 . This bacterium contains a wide variety of strains and biotypes, receiving and transferring genes for toxins 3 , colonization factors 4, 5 , antibiotic resistance 6 , capsular polysaccharides that provide resistance to chlorine 7 and new surface antigens, such as the 0139 lipopolysaccharide and O antigen capsule 8, 9 . The lateral or horizontal transfer of these virulence genes by phage 3 , pathogenicity islands 10, 11 and other accessory genetic elements 12 provides insights into how bacterial pathogens emerge and evolve to become new strains.
Vibrio species represent a signi®cant portion of the culturable heterotrophic bacteria of oceans, coastal waters and estuaries 13, 14 . Environmental studies show that these bacteria strongly in¯uence nutrient cycling in the marine environment. Various species of this genus are also devastating pathogens for ®n®sh, shell®sh and mammals. There is still much to be learned about the aquatic ecology and natural history of V. cholerae including its autochthonous (native) existence in endemic locales during cholera-free, interepidemic periods, which environmental factors, such as climate 13, 15 , aided its re-emergence in Latin America, and which environmental factors are associated with its habitat in cholera endemic regions. For example, V. cholerae, during interepidemic periods, is an inhabitant of brackish and estuarine waters, and in these environments is associated with zooplankton and other aquatic¯ora and fauna 16 . The organism also enters a``viable but nonculturable'' 17 state under certain conditions. Roles for these environmental interactions and this dormant physiological state in the emergence and persistence of pathogenic V. cholerae have been proposed 14, 17 .
Here we report the determination and analysis of the Vibrio cholerae genome sequence. This analysis represents an important step toward the complete molecular description of how this freeliving environmental organism emerged to become a human pathogen by horizontal gene transfer.
Genome analysis
The genome of V. cholerae was sequenced by the whole genome random sequencing method 18 . The genome consists of two circular chromosomes 19, 20 of ) and 792 predicted Rho-independent terminators; with 2,770 and 1,115 ORFs and 599 and 193 Rho-independent terminators on the individual chromosomes (Table 1, Figs 1  and 2) . Most genes required for growth and viability are located on chromosome 1, although some genes found only on chromosome 2 are also thought to be essential for normal cell function (for example, dsdA, thrS and the genes encoding ribosomal proteins L20 and L35). Additionally, many intermediaries of metabolic pathways are encoded only on chromosome 2 (Fig. 3 ). The replicative origin in chromosome 1 was identi®ed by similarity to the Vibrio harveyi and Escherichia coli origins, co-localization of genes (dnaA, dnaN, recF and gyrA) often found near the origin in prokaryotic genomes, and GC nucleotide skew (G-C/ G+C) analysis 21 . Based on these, we designated base-pair 1 in an intergenic region that is located in the putative origin of replication. Only the GC skew analysis was useful in identifying a putative origin on chromosome 2.
This genomic sequence of V. cholerae con®rmed the presence of a large integron island (a gene capture system) located on chromosome 2 (125.3 kbp) 22, 23 . The V. cholerae integron island contains all copies of the V. cholerae repeat (VCR) sequence and 216 ORFs ( Fig.  1 ). However, most of these ORFs have no homology to other sequences. Among the recognizable integron island genes are three that encode gene products that may be involved in drug resistance (chloramphenicol acetyltransferase, fosfomycin resistance protein and glutathione transferase), several DNA metabolism enzymes (MutT, transposase, and an integrase), potential virulence genes (haemagglutinin and lipoproteins) and three genes which encode gene products similar to the`host addiction' proteins (higA, higB and doc), which are used by plasmids to select for their maintenance by host cells.
Comparative genomics
The two-chromosome structure of V. cholerae allows for comparisons, both between the two chromosomes of this organism and between either of the V. cholerae chromosomes and the chromosomes of other microbial species. There is pronounced asymmetry in the distribution of genes known to be essential for growth and virulence between the two chromosomes. Signi®cantly more genes encoding DNA replication and repair, transcription, translation, cell-wall biosynthesis and a variety of central catabolic and biosynthetic pathways are encoded by chromosome 1. Similarly, most genes known to be essential in bacterial pathogenicity (that is, those encoding the toxin co-regulated pilus, cholera toxin, lipopolysaccharide and the extracellular protein secretion machinery) are also located on chromosome 1. In contrast, chromosome 2 contains a larger fraction (59%) of hypothetical genes and genes of unknown function, compared with chromosome 1 (42%) ( Fig. 4 ). This partitioning of hypothetical proteins on chromosome 2 is highly localized in the integron island ( Fig. 2 ). Chromosome 2 also carries the 3-hydroxy-3-methylglutaryl CoA reductase, a gene apparently acquired from an archaea (Y. Boucher and W. F. Doolittle, personal communication).
The majority of the V. cholerae genes were very similar to E. coli genes (1,454 ORFs), but 499 (12.8%) of the V. cholerae ORFs showed highest similarity to other V. cholerae genes, suggesting recent duplications (Figs 5 and 6). Most of the duplicated ORFs encode products involved in regulatory functions (59), chemotaxis (50), transport and binding (42) , transposition (18) , pathogenicity (13) or unknown functions encoded by conserved hypothetical (62) and hypothetical proteins (113). There are 105 duplications with at least one of each ORF on each chromosome indicating there have been recent crossovers between chromosomes. The extensive duplication of genes involved in scavenging behaviour (chemotaxis and solute transport) suggests the importance of these gene products in V. cholerae biology, notably its ability to inhabit diverse environments. These environments, in turn, may have selected the duplication and divergence of genes useful for specialized functions. Additionally, whereas El Tor strain N16961 carries only a single copy of the cholera toxin prophage, other V. cholerae strains carry several copies of this element 24, 25 , and strains of the classical biotype have a second copy of the prophage that is localized on chromosome 2 (ref. 20) . Thus, virulence genes are presumed to be subject to selective pressure, affecting copy number and chromosomal location.
Several ORFs with apparently identical functions exist on both chromosomes which were probably acquired by lateral gene transfer. For example, glyA (encoding serine hydroxymethyl transferase) is found once on each chromosome but the phylogenetic analysis suggest the glyA copy on chromosome 1 branches with the a-Proteobacteria, whereas the copy on chromosome 2 branches with the g-Proteobacteria (see Supplementary Information). The chromosome 2 glyA is¯anked by genes encoding transposases, suggesting that this gene was acquired through a transposition event. Origin and function of the small chromosome of V. cholerae Several lines of evidence suggest that chromosome 2 was originally a megaplasmid captured by an ancestral Vibrio species. The phylogenetic analysis of the ParA homologues located near the putative origin of replication of each chromosome shows chromosome 1 ParA tending to group with other chromosomal ParAs, and the ParA from chromosome 2 tending to group with plasmid, phage and megaplasmid ParAs (see Supplementary Information). In general, genes on chromosome 2, with an apparently identical functioning copy on chromosome 1, appear less similar to orthologues present in other g-Proteobacteria species (see Supplementary Information). Also, chromosome 1 contains all the ribosomal RNA operons and at least one copy of all the transfer RNAs (four tRNAs are found on chromosome 2, but there are duplicates on chromosome 1). In addition, chromosome 2 carries the integron region, an element often found on plasmids 26 . Finally, the bias in the functional gene content is more easily explained, if chromosome 2 was originally a megaplasmid ( Fig. 4 ). The megaplasmid presumably acquired genes from diverse bacterial species before its capture by the ancestral Vibrio. The relocation of several essential genes from chromosome 1 to the megaplasmid completed the stable capture of this smaller replicon. Apparently this capture of the megaplasmid occurred long enough ago that the trinucleotide composition and percentage G+C content between the two chromosomes has become similar (except for laterally moving elements such as the integron island, bacteriophage genomes, transposons, and so on). The two chromosome structure is found in other Vibrio species 19 suggesting that the gene content of the megaplasmid continues to provide Vibrio with an evolutionary advantage, perhaps within the aquatic ecosystem where Vibrio species are frequently the dominant microorganisms 14, 16 .
It is unclear why chromosome 2 has not been integrated into chromosome 1. Perhaps chromosome 2 plays an important specialized function that provides the evolutionary selective pressure to suppress integration events when they do occur. For example, if under some environmental condition there is a difference in copy number between the chromosomes, then chromosome 2 may have accumulated genes that are better expressed at higher or lower copy number than genes on chromosome 1. A second possibility is that, in response to environmental cues, one chromosome may partition to daughter cells in the absence of the other chromosome (aberrant segregation). Such single-chromosome-containing cells would be replication-defective but still maintain metabolic activity (`drone' cells), and, therefore, be a potential source of``viable, but nonculturable (VBNC)'' cells observed to occur in V. cholerae 17 . Such drone' cells may also play a role in V. cholerae bio®lms 7,27,28 by, for example, producing extracellular chitinase, protease and other degradative enzymes that enhance survival of cells in a bio®lm, retaining two chromosomes without directly competing with these cells for nutrients.
Transport and energy metabolism
Vibrio cholerae has a diverse natural habitat that includes association with zooplankton in a sessile stage, a planktonic state in the water column, and the capacity to act as a pathogen within the human gastrointestinal tract. It is, therefore, no surprise that this organism maintains a large repertoire of transport proteins with broad substrate speci®city and the corresponding catabolic pathways to enable it to respond ef®ciently to these different and constantly changing ecosystems ( Fig. 4) . Many of the sugar transporter systems and their corresponding catabolic pathway enzymes are localized on a single chromosome (that is, ribose and lactate transport and degradation enzymes are contained on chromosome 2, whereas the trehalose systems reside on chromosome 1). However, many of the other energy metabolism pathways are split (that is, chitin, glycolysis, and so on) between the chromosomes (Fig. 3) .
In aquatic environments, chitin often represents a source of both carbon and nitrogen. This energy source is important for V. cholerae as it is associated with zooplankton, which have a chitinous exoskeleton 13, 15, 29 . Vibrio cholerae degrades chitin by a pathway that is very similar to that of Vibrio furnissii 30 . Sequence analysis suggests a phosphenolpyruvate phosphotransferase system (PTS) for cellobiose transport, but as V. cholerae does not use cellobiose, it is more likely that this PTS is involved in transport of the structurally similar compound, chitobiose, analogous to the situation proposed for Bourrelia burgdorferi 18 .
The three anions that are transported by ABC transport systems in V. cholerae are molybdenum, phosphate and sulphate. Molybdenum transport genes (modA/B/C) are all located on chromosome 2, and most of the sulphate transport genes are on the large molecule. However, copies of the genes for phosphate transporters are found in both chromosomes. The genes in these two phosphate transport operons are different from each other and do not represent a recent duplication; instead, this suggests that one may be an acquired operon.
Interchromosomal regulation
Several of the regulatory pathways, both for regulation in response to environmental and pathogenic signals, are divided between the two chromosomes. These included pathways for starvation survival, quorum sensing' and expression of the entertoxigenic haemolysin, HlyA.
During periods of nutrient starvation, V. cholerae, and other Gram-negative bacteria, enter the stationary phase and, later, the viable but nonculturable (VBNC) state 14, 17 . The alternative sigma factor j 38 (rpoS) is required for survival of V. cholerae in the environment but not for pathogenicity 31 , and therefore probably plays an important role in the initiation of the VBNC state. There is one copy of rpoS, located on chromosome 1, near the oriC. The RpoS regulates expression of several other proteins, including catalase, cyclopropane-fatty-acyl-phospholipid synthase and HA/protease, which are found on both chromosomes 31 .
Genes involved in`quorum sensing', or cell-density-dependent regulation, also exist on both chromosomes of V. cholerae. In bioluminescent Vibrio species (notably Vibrio ®scheri and V. harveyi), quorum sensing is used to control light production. Although this strain of V. cholerae lacks the genes for bioluminescence, it does have the genes required for the autoinducer-2 (AI-2) quorumsensing mechanism 32 hlyU (ref. 33) , is located on chromosome 1, while the gene it regulates, hlyA, is located on chromosome 2.
DNA repair
Vibrio cholerae has genes encoding several DNA-repair and DNAdamage-response pathways, including nucleotide-excision repair, mismatch-excision repair, base-excision repair, AP endonuclease, alkylation transfer, photoreactivation, DNA ligation, and all the major components of recombination and recombinational repair, including initiation, recombination and resolution 34 . In addition, homologues of many of the genes involved in the SOS response in E. coli are found. The presence of three photolyase homologues, more than have been found in other bacterial species, probably allows for the ability to photoreactivate the two major forms of ultraviolet-induced DNA damage (cyclobutane pyrimidine dimers and 6-4 photoproducts), and may also allow use of a range of wavelengths of light used for the energy required for photoreactivation. It is also of interest that many of the repair genes are on chromosome 2 (alkA, ada1, ada2, phr3, mutK, sbcCD, dcm, mutT3), indicating that this chromosome is probably required for full DNA repair capability.
Pathogenicity
Toxins. The genome sequence of V. cholerae El Tor N16961 revealed a single copy of the cholera toxin (CT) genes, ctxAB, located on chromosome 1 within the integrated genome of CTXf, a temperate ®lamentous phage 3 . The receptor for entry of CTXf into the cell is the toxin-coregulated pilus (TCP) 3 , and the TCP gene cluster (see below) also resides on chromosome 1. Like the structural genes for CT and TCP, the regulatory gene, toxR, which controls their expression in vivo 35 , is also located on chromosome 1.
On the other side of CTXf prophage is a region encoding an RTX toxin (rtxA), and its activator (rtxC) and transporters (rtxBD) 36 . A third transporter gene has been identi®ed that is a paralogue of rtxB, and is transcribed in the same direction as rtxBD. Downstream of this gene are two genes encoding a sensor histidine kinase and response regulator. Trinucleotide composition analysis suggests that the RTX region was horizontally acquired along with the sensor histidine kinase/response regulator, suggesting these regulators effect expression of the closely linked RTX transcriptional units.
Also present are genes encoding numerous potential toxins, including several haemolysins, proteases and lipases. These include hap, the haemagluttinin protease, a secreted metalloprotease that seems to attack proteins involved in maintaining the integrity of epithelial cell tight junctions 37 , and hlyA, encoding a secreted haemolysin that displays enterotoxic activity 38 . In contrast to CTX, RTX and all known intestinal colonization factors, the hap and hlyA genes virulence factors reside on chromosome 2.
Vibrio cholerae has been reported to produce shiga-like toxins 39 ; however, the sequence did not reveal genes encoding speci®c homologues of the A or B subunits of shiga toxin. Also not detected were genes encoding homologues of E. coli heat stable toxin (ST), which have been detected in other pathogenic strains of V. cholerae 40 . Colonization factors. The critical intestinal colonization factor of V. cholerae is the TCP, a type IV pilus 5, 41 . The genome sequence con®rmed that the genes involved in TCP assembly (tcpABCDEFGHIJNQRST) reside on chromosome 1 (ref. 20) as part of a proposed`pathogenicity island' (also referred to as VPI) composed of recently acquired DNA that encodes not only TCP, but also other genes associated with the ToxR regulatory cascade, such as acfABCD, toxT, aldA and tagAB 10, 11 . Trinucleotide composition analysis suggest that this 45. Figure 6 Phylogenetic tree of methyl-accepting chemotactic proteins (MCP) homologues in completed genomes. Homologues of MCP were identi®ed by FASTA3 searches of all available complete genomes. Amino-acid sequences of the proteins were aligned using CLUSTALW, and a neighbour-joining phylogenetic tree was generated from the alignment using the PAUP* program (using a PAM-based distance calculation). Hypervariable regions of the alignment and positions with gaps in many of the sequences were excluded from the analysis. Nodes with signi®cant bootstrap values are indicated: two asterisks, .70%; asterisk, 40±70%.
other copy of the 20-bp site, which is presumably the target for integration of the island onto the chromosome 10, 11 . It has been proposed that the TCP/ACF island corresponds to the genome of a ®lamentous phage that uses TCP pilin as a coat protein 4 . However, other than the three genes encoding phage-related proteins (that is, the helicase, transcriptional activator and integrase) we could ®nd no other genes on the island that encoded products with signi®cant homology to the conserved gene products of other ®lamentous phages or the structural proteins of non®lamentous phages.
The maltose-sensitive haemagglutinin (MSHA) is unique to the El Tor biotype of V. cholerae. Initially characterized as a haemagglutinin, it was later found to be a type IV pilus 42, 43 . The MSHA biogenesis (MshHIJKLMNEGF) and structural (MshBACD) proteins are all clustered on chromosome 1. There are no apparent integrases or transposases that might de®ne this region as a pathogenicity island or suggest an origin for it other than V. cholerae. In support of this conclusion, trinucleotide composition analysis shows that this region has similar composition to the rest of the chromosome, suggesting that if these genes were acquired it was very early in the Vibrio phylogenetic history. Recently, several investigators have reported that MSHA is not required for intestinal colonization, nor does it seem to appreciably affect the ef®ciency of colonization 44±46 , but instead plays a role in bio®lm formation 27, 28 . Accordingly, this pilus may be important for the environmental ®tness of Vibrio species rather than for pathogenic potential.
The pilA region of V. cholerae genome apparently encodes a third type IV pilus, although it has not been visualized 47 . This gene cluster includes a gene encoding a prepilin peptidase (PilD) that is required for the ef®cient processing of protein complexes with type IV prepilin-like signal sequences including TCP, MSHA and EPS 47, 48 .
The EPS system of V. cholerae encodes a type II secretion system involved in extracellular export of CT and other proteins. The EPS system is encoded by chromosome 1 but, like the MSHA genes, trinucleotide analysis suggests that the EPS genes of V. cholerae have not been recently acquired. In contrast, trinucleotide composition analysis suggests that the pilA gene cluster was acquired by horizontal transfer. Thus, analysis of the V. cholerae genome sequence provides some evidence that older gene clusters, like MSHA and EPS, have become dependent on newly acquired genes such as PilD.
Conclusions
The Vibrio cholerae genome sequence provides a new starting point for the study of this organism's environmental and pathobiological characteristics. It will be interesting to determine the gene expression patterns that are unique to its survival and replication during human infection 35 as well as in the environment 13, 14, 16 . Additionally, the genomic sequence of V. cholerae should facilitate the study of this model multi-chromosomal prokaryotic organism. Comparative genomics between several species in the genus Vibrio will provide a better understanding of the origin of the new small chromosome and the role that it plays in Vibrio biology. The genome sequence may also provide important clues to understanding the metabolic and regulatory networks that link genes on the two chromosomes. Finally, V. cholerae clearly represents a promising genetic system for studying how several horizontally acquired loci located on separate chromosomes can still ef®ciently interact at the regulatory, cell biology and biochemical levels.
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Methods
Whole-genome random sequencing procedure.
Vibrio cholerae N16961 was grown from a single isolated colony. Cloning, sequencing and assembly were as described for genomes sequenced by TIGR 18 . One small-insert plasmid library (2±3 kb) was generated by random mechanical shearing of genomic DNA. One large insert library was ligated into l-DASHII/EcoRI vector (Stratagene). In the initial sequence phase, approximately sevenfold sequence coverage was achieved with 49,633 sequences from plasmid clones. Sequences from both ends of 383 l-clones served as a genome scaffold, verifying the orientation, order and integrity of the contigs. The plasmid and l sequences were jointly assembled using TIGR Assembler. Sequence gaps were closed by editing the end sequences and/or primer walking on plasmid clones. Physical gaps were closed by direct sequencing of genomic DNA, or combinatorial polymerase chain reaction (PCR) followed by sequencing the PCR product. The ®nal genome sequence is based on 51,164 sequences.
ORF prediction and gene family identi®cation. An initial set of ORFs, likely to encode proteins, was identi®ed with GLIMMER 49 , and those shorter than 30 codons were eliminated. ORFs that overlapped were visually inspected, and in some cases removed. ORFs were searched against a non-redundant protein database 18 . Frameshifts and point mutations were detected and corrected where appropriate. Remaining frameshifts and point mutations are considered to be authentic and were annotated as`authentic frameshift' or`authentic point mutation'. ORFs were also analysed with two sets of hidden Markov models (HMMs) constructed for a number of conserved protein families (1,313 from Pfam v3. 1 (ref. 50) and 476 from the TIGRFAM) by use of the HMMER package. TopPred was used to identify membrane-spanning domains in proteins.
Paralogous gene families were constructed by searching the ORFs against themselves using BLASTX, identifying matches with E # 10 -5 over 60% of the query search length, and subsequently clustering these matches into multigene families. Multiple alignments for these protein families were generated with the CLUSTALW program and the alignments scrutinized.
Distribution of all 64 trinucleotides (3-mers) for each chromosome was determined, and the 3-mer distribution in 2,000-bp windows that overlapped by half their length (1,000 bp) across the genome was computed. For each window, we computed the x 2 statistic on the difference between its 3-mer content and that of the whole chromosome. A large value of this statistic indicates that the 3-mer composition in this window is different from the rest of the chromosome. Probability values for this analysis are based on the assumption that the DNA composition is relatively uniform throughout the genome. Because this assumption may be incorrect, we prefer to interpret high x 2 values merely as indicators of regions on the chromosome that appear unusual and demand further scrutiny.
Homologues of the genes of interest were identi®ed using the BLASTP and FASTA3 search programs. All homologues were then aligned to each other using the CLUSTALW program with default settings. Phylogenetic trees were generated from the alignments using the neighbour-joining algorithm as implemented by the PAUP* program (with a PAM matrix based distance calculation). Regions of the alignment that were hypervariable or were of low con®dence were excluded from the phylogenetic analysis. All alignments are available upon request. 
